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Dear  Sir: 

We  are  respectfully  submitting  Technical  Report  No.  1 in 
which  the  first  phase  of  our  theoretical  consideration  of  the 
relationship  between  birefringence  and  molecular  structure  of 
large  molecule s< 

This  subject  is  being  studied  further,  both  from  experi- 
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ABSTRACT 


•*2 


The  measurement  of  the  principal  polarizabilities  of  molecules  is 
a useful  method  of  studying  their  structure.  Previous  work  has  re- 
sulted in  a relationship  between  the  polarizabilities  of  large  molecules 
and  that  of  their  "statistical  segments'-.  Values  for  the  polarizabilities 
of  the  segnents  exist  in  the  literati^fe* 

This  paper  is  concerned  with  the  calculation  of  principal  polari- 
zabilities of  polymethylene  hydrocarbons  in  term^  of  more  detailed 
structural  features;  that  is,  bond  polarizabilities,  lengths,  angles, 
and  restricted  rotation  potentials.  A tetrahedrol  lattice  model  for 
a polymer  chain  is  used,  and  the  polarizabilities  for  each  configura- 
tion of  the  polymer  are  calculated.  These  are  averaged  for  the  cases 
of  (a)  equally  probable  orientation  about  the  (c-c)  bond,  (b)  preferred 
tran a orientation,  (c)  steric  hindrance,  and  (d)  interaction  between 
distant  portions  of  the  chain.  The  calculation  is  carried  out  for 
chains  up  to  6 bonds  long  (heptane). 

A comparison  of  the  predicted  polarizabilities  with  those  ob- 
tained from  light  scattering  depolarization  measurements  is  made. 


Richard  S*  Stein 

Contribution  from  tho  Dept,  of  Chemistry 
University  of  Massachusetts 
Amherst,  Massachusetts 

Introduction 

The  calculation  of  the  polarizabilities  of  simple  molecules  has 
been  treated  in  several  papers  (1,  2,  3»  U,  5).  Most  of  this  work  has 
utilized  the  Silberstein  theory  for  calculating  the  interactions  of 
polarizabilities  of  neighboring  atoms  (6).  Denbigh  (7)  has  recently 
shown  that  it  is  possible  to  formulate  a table  of  bond  polarizabilities 
in  which  both  the  polarizabilities  of  a bond  along  and  perpendiculer 
to  the  bond  axis  are  given.  These  are  calculated  from  light  scattering 
depolarization  and  Kerr  effect  data  on  simple  molecules.  The  use  of 
these  bond  polarizabilities  has  greatly  facilitated  the  calculation 
of  the  principal  polarizabilities  of  covalently  bonded  organic  molecules. 

The  calculation  of  the  principal  polarizabilities  of  a long  chain 
organic  molecule  has  been  discussed  by  Y{.  Kuhn  (8)  and  L.  R.  G.  Treloar 
(9).  They  use  a model  in  which  the  actual  polymer  chain  is  replaced 
by  an  idealized  chain  consisting  of  so-called  "statistical  segments". 
These  segments  are  thought  of  as  being  rigid  (having  no  internal  motion) 
and  being  freely  orienting.  That  is,  each  statistical  segment  is  thought 
to  be  connected  to  the  adjoining  segmonts  by  a joint  which  is  completely 
flexible  (like  e ball  and  socket  joint)  so  that  tho  angle,  8,  between 
2 statistical  segments  nay  assume  any  value  between  0 and  27 T radians. 

*This  work  is  supported  in  part  by  tho  Offico  of  Naval  Research, 
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It  is  assumed  that  the  chain  ends  as  held  fixed  a distance  R apart*  and 
that  intermediate  parts  of  the  chain  are  free  to  randomly  assume  all 
possible  configurations  consistant  with  this  restriction.  The  segment 
is  assigned  polarizabilities,  and  bg  along  and  porpendicular  to 
the  segment  axis.  Neglecting  steric  hindrance  between  segments,  an 
equation  is  derived  relating  the  principal  polarizcbilities  of  a 
polymer  moleculo  to  that  of  its  segments. 

K -TL)  = | " <bi  * V (i)  2 <« 

where  TT,»  is  the  average  polarizability  of  the  cnein  (consisting  of 
n statistical  segments,  each  of  length  a)  along  the  line  joining  chain 
ends,  and  Tlx  is  the  average  polarizability  perpendicular  to  this 
direction.  (See  Fig.  1). 


Figure  Is  The  Statistical  Chain  and  its  Polarizabilities 


It  has  been  shown  (10)  for  an  unconstrained  chain,  that  the  average 
square  distance  between  chain  ends  is  given  by 

R2  - na2  (2) 


i 
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If  one  assumes  that  the  unconstrained  chain  is  held  at  this  length* 
so  that 

s2  = P2 

then 


V*  ' ^ 8 j * V seg. 


(3) 


Then,  if  one  suras  the  polarizabilities  of  all  chains  constituting 
a crosslinked  high  polymer  consisting  of  ideal  chains  of  this  type 
which  has  been  stretched  by  a factor  * (length  is  c<  times  the  unstretched 
length)  then  the  difference  between  the  polarizability  of  the  polymer 
sample  along  and  perpendicular  to  the  stretching  direction  is 


ri-P2  = j^(bl  -b2)(<A‘-l.)  00 

Using  the  Lorenz  - Lorentz  relationship,  the  difference  between  the 
refractive  indeces  in  these  two  directions  is 


A.  * ni  - a,  • (ti21-2)2  2 lr  n (b-,  - b~)  (<**-  i ) 

* ?r“  nr  " 1 01 

(5) 

whtre  n is  the  average  refractive  index,  and  Nc  is  the  number  of 
'•crosslinking  points"  at  which  chains  are  joined  together. 

The  quantity,  A is  defined  as  the  birefringence  of  the  polymer. 
By  using  the  same  sort  of  essumpti!v3e,  Kuhn  (11)  and  others 
(12,  13,  Hi,  15)  have  calculated  the  tensile  stress,  CT,  on  a stretched 
ideal  rubber.  This  is 


Or  = Nckt  (<*^-J_)  (6) 

*li  may  be  shown  that  if  one  doos  not  make  this  assunption,  but  averages 
ovor  all  possiblo  values  of  R for  the  unconstrained  ohain,  one  arrives 
at  the  same  result. 


! 

I 
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whro  k is  Boltsaenns  constant  and  T is  the  absolute  temperature.  0*  is 
in  units  of  dyhes  per  square  centimeter  of  attained  awssoctionel 
area*  Thus , the  stress  - optional  coefficient  would  bo 


B » 2'TT  (n2  — 2)2  (bn  - by) 

" i»g  i iaVJ — 


(7) 


This  quantity  is  independent  of  elongation  and  number  of  crosslink- 
ing points*  Therefore,  by  measuring  B and  n,  (b^  - b2)  may  be  determined. 
Values  for  this  quantity  for  several  polymers  have  been  tabulated  by 
Stein  and  Tobolaky  (16). 

The  next  problem  is  to  delate  this  quantity  to  the  properties  of 
the  chain  itself.  The  birefringence  of  this  hypothetical  statistical 
segment  must  be  related  to  the  polarizabilities  and  configuration  of 
the  bonds  constituting  the  polymer. 

One  approach  to  this  problem  which  was  made  by  Treloar  (17)  is 
to  calculate  the  birefringence  of  the  monomer  unit  Am(definod  as 
the  difference  between  the  refractive  index  of  tho  monomer  unit  along 
the  axis  of  symmetry  of  the  monomer  and  the  averrge  monomer  refractive 
index  perpendicular  to  this  directior^  Tho  polymer  chain  may  then  be 
characterized  by  a parameter,  Z,  defined  as 


" (bl  ~ *i) 

Am 


(8) 


Z may  be  regarded  as  a measure  of  tho  number  of  monomer  units  per 
statistical  segment*  It  is  a function  oft 

a)  The  amount  of  internal  rotation  within  a monomer  unit. 

b)  The  angle  and  degree  of  freo  rotation  occurring  about  the  bond 


joining  the  odrjuixb  together 


1 


c)  Steric  factors  affecting  chain  rigidity. 

Thus^  Z is  principally  a function  of  the  stiffness  of  the  chain.  Values 
of  this  parameter  have  been  calculated  by  Treloar  for  Hevea  rubber  end 
by  Stein  end  Tobolsky  (16}  for  other  polymers. 

It  would  be  desirable  to  be  able  to  characterize  the  polymer 
chain  in  greeter  detail  than  is  possible  by  this  rrther  poorly  defined 
parameter.  For  example,  it  would  be  desirable  to  be  -blc  to  calculate 
from  birefringence  measurements,  the  ratio.  R^/R^  ( where  is 

the  mean-square  end-to-end  length  on  the  basis  of  ideal  chain  statistics 
with  free  rotation  about  all  bond^,  as  well  as  other  properties  of 
polymer  chains.  This  would  enable  one  to  compare  chain  dimensions  de- 
termined in  this  manner  with  those  determined  by  other  techniques.  In 
this  manner,  it  would  be  possible  to  coapare  for  example,  the  r.m.s. 
length  of  a chain  in  solution  with  it3  length  in  the  solid  polymer. 

This  would  be  of  groat  help  in  the  understanding  of  the  properties  of 
solid  polymers. 

A Model  for  Calculating  the  Birefringence  of  a Simple  Polymer  Chain 

The  method  which  we  shall  follow  is  very  similar  to  that  used  by 

King  (18)  in  his  calculation  of  some  of  the  properties  of  polymer 

chains.  He  has  been  able  to  carry  out  his  calculations  of  r2  for 

rather  long  chains  using  punched  card  computing  machinery.  Our  cal- 
p OsJL 

culations  of  should  chock  with  his  rnd  wr  just  incidental  to  the 
birefringence  calculation. 

For  the  preliminary  calculation,  a very  simple  chain  model  will 
be  considered,  consisting  of  only  carbon  atoms  joined  together  in  a 
linear  chain.  The  (c-c)  bonds  will  be  at  the  usual  tetrahedral  angle 


with  cash  other.  In  the  first  consideration,  side  groups  will  be 
neglected.  It  is  hoped  that  these  shall  bo  included  in  future 
calculations. 
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Figure  2»  Confi durations  about  a c-c  b>^nd. 


* 


As  is  known  (19),  rotation  about  the  (c-c)  bond  is  restricted. 

There  are  three  equilibrium  positions  (Fig.  2),  the  trans,  and  two 
"gauch".  As  a first  approximation  one  might  consider  the  case  in  which 
all  those  positions  are  equally  probable.  Then  one  might  consider  the 
more  roalistic  situation  in  which  the  trans  is  more  probable  than 
the  gcuch.  The  potential  is  such  thrt  at  ell  but  very  high  temperatures, 
most  time  is  spent  in  the  equilibrium  positions,  so  that  in  considering 
properties  like  birefringence  that  depend  upon  averages  over  all  con- 
figurations, it  is  a very  good  approximation  to  assume  that  the  bonds 
are  only  found  in  thoso  equilibrium  positions. 

The  height  of  the  barrier  restricing  rot-tion  is  about  3000  cal/molo. 

At  room  temporature,  the  probability  of  finding  a c-c  bond  at  an  equili-  1 

i 

briun  position  will  be  exp  (3000/RT)  or  150  tines  that  of  finding  it 

f 

half  way  in  between  two  equilibrium  positions. 
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Let  the  i**1  bond  be  represented  by  a vector  of  length  V3"  «• 

If  we  locate  these  vectors  with  respect  to  a right  handed  cartesian 
coordinate  system  (Fig*  3)/assume  that  the  first  bond  makes  equal  tuples 
with  all  three  coordinate  axes,  then  Its  coordinates  will  be  (1,1,1)* 
Then  is  the  second  bond  vector,  0^,  is  to  be  at  a tetrahedrel  angle 
to  the  first,  and  the  second  bond  is  in  an  equilibrium  position, 
its  coordinates  must  be  either  (T,l,l),  (1,1,1)  or  (1,1,1).  Thus, 
as  has  been  shown  by  Tobolsky,  Powell,  and  Eyring  (20),  the  end  points 
of  all  of  these  vectors  will  fall  on  the  lattice  points  of  a diamond 
lattice,  and  the  possible  projections  of  any  vector  will  each  be  either 
(+1)  or  («1)  and  the  signs  may  be  obtained  from  the  three  projections 
of  the  preceding  vector  by  chainging  the  sign  of  one  and  only  one 
of  the  coordinates  of  the  remaining  (N-2)  vectors* 

The  so-called  displacement  vector,  R,  of  the  chain  connecting  the 
first  carbon  atom  with  the  last  is  then  given  by  the  vector  sura 


; 


(9) 


where  a/  yj'*  is  the  bond  length  of  a )c-c)  bond.  The  square  of  the 
length  of  the  displacement  vector  is 


R2 


= R*R  * £ ( 1 +•  *££  (*7  °j)) 

x r K 


(10) 


Applying  the  statistics  of  the  diamond  lattice,  Tobolsky,  Powell,  and 
Eyring  derive  an  equation  (20)  for  a tetrahedral  lattice  from  which 
one  may  obtain  the  equation  for  J2 

Figure  3 » The  Coordinate  System. 
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(N_-P-i)>  (P-0)  Up- n)1) In) 

(p-*)!(ts»-p- *)!*,•(*-»)«  r J 


The  calculation  of  the  polarizability  of  e polymer  chain  follows 

th 

somewhat  similar  lines.  If  the  i bond  having  polarizabilities  b^ 
and  bo  lies  at  the  polar  angles  ©•  and  0.  with  respect  to  the  coordinate 

3a.  1 

axes  (Fig.  $9t  the  contribution  of  this  bond  to  the  polarizabilities 
along  the  coordinate  axes  are  (7) 


(Px)i  = b^  cos2  ©^  -j-  b2  sin2  % 

- (b^  - b2)  cos2©ifb2 

(py)i  ■ (bx  - b2)  sin^  cos^fbg 

= (b^  - b^Jcos2^  - (b^  - b^)  cos^-jeos2^  4-  b2 

(Pz)  ” (b-j^  — bjJsin2©^2^  t b2 

= (bi  - ~ (bl  " b2)  cos2©iA?P^4-  b2 


(12) 


(13) 

(1U) 


The  coordinate  system  may  be  chosen  so  that  the  X axis  lies  along 
the  displacement  vector  of  the  chain.  The  tot-1  polarizability  of  the 
chain  may  then  be  found  by  summing  the  polarizabilities  of  the  constituent 
bonds.  The  average  polarizabilities  are  then  found  by  averaging  over 


© and  j),  eg. 

TT„  ■ ^TT  = (bl  * bj)  *2**^ 


(15) 


<^(Pyi)  = (bi  - b2)  cos^i 

i ■■■-  - ■ 

- (b-^  - b2)  cos^cos2^  ^-nb2 


(16) 


( 
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If  the  chain  is  symmetrically  disposed  about  the  displacement  vector, 
then  all  values  of  ^ will  be  equal7  probable  and 


cos* 


X ■ I '. 


80 


sjy  1 (b^  - b^)  ^coe^  ^(b^i-bj) 

£<V t=  -Tn 


(17) 


also 


and 


TT„  'TTl  * | <bi  - b2>  (3  ^ oos^  -Q) 


(18) 


Thus,  the  calculation  of  the  polarieability  of  the  chain  is  dependent 
on  the  calculation  of  ^ 008^9^. 

Now  from  the  definition  of  the  scaler  product  of  tarn  vectors 


0^.  R * K |IR|  cos®i 


09) 


so 


cos2©!  ~ (ftt*R)2 

Wyw 


(®) 


and 


T 


COS2®] 


h)c 

"W 


- Q 


(21) 


where  R is  given  by  oq  (9).  This  sura  must  be  averaged  over  all  possible 
combinations  of  (7^'s  possible  for  the  chain* 


The  Numerical  Evaluation  of  Q 

Q nay  be  evaluated,  at  least  for  short  chains,  as  is  illustrated 
in  the  following  example  * 


1 


S' 


1 


4 

\ 
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Results  of  Preliminary  Calculations 

0 has  been  calculated  to  date  for  carbon  chains  up  to  7 bonds 

(8  atone)  In  length.  Die  results  of  these  calculations  are  summarised 

in  Table  II.  She  quantity  (TJ^-  T\)/Cbx  ba)cc  is  the  ratlc  of  the 

polarl lability  difference  of  the  chain  to  that  of  the  c-c  bond.  This 

is  equal  to  * (3Q-n)  according  to  equation  (18). 

2 

The  quantity  (bx  **^8)8eg/(^i  in  the  next  column  is 

the  ratio  of  the  polarizability  differences  of  the  statistical 

Table  II 

The  Results  of  Preliminary  Polarizability  Calculations 


1 1 

H 

" ■" 

i 

Eo.  of  config- 
urations 

* 

■r,  -TL 

biiwk  .2 

(t2) 

(trtjuVi 

R 

1 

1.00 

1 

1.00 

1.00 

1.667 

3 

s 

2 

1.33 

1 

1.33 

.99 

1.65 

8 

12 

3 

4.75 

3 

1.58 

.87 

1.45 

13.7 

18 

4 

16.86 

9 

1.87 

o 

CO 

• 

1.33 

3.9*6 

1 

24 

5 

58.64 

1 

27 

2.17 

.76 

1.27 

|25.1 

30 

6 

194.06 

81 

2.40 

.60 

1.00 

j31.3 

36 

segment  to  that  of  the  e-c  bond.  It  is  obtained  by  dividing 

(Tr,-'TTL)/(t>l-k.,cc  V 


■Tn 

(bx-ba)Beg 


3 

5 


(from  equation  (3)).  If  ono  assumes  that  no  internal  motion  occurs 
within  a statistical  segment,  this  quantity  ought  to  be  proportional  to 
the  number  of  c-c  bonds  por  statistical  segment*  The  statistical 


I 
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thoory  would  predict  that  this  quantity  should  bo  n constant  for  lone 
chains.  It  ?.s  ; lotted  against  n in  Pig.  (4),  It  is  obvious  that  for 
tho  short  chains  considered  hero,  thi3  is  rot  so.  The  c aTr  ul.  it : on  oust 
bo  carried  out  for  greater  values  of  n in  order  to  tes*  t'.i-p  hyoothosis 
and  dotoralno  th  constant.  This  is  bcirn?  dono  p,t  present  oa?  tho 
rosults  will  bo  lncludod  In  a lator  roport. 


Tiguro  4?  Tho  Variation  o f Q and  (bx  **ba)c0£, *(H 
with  n 


In  tho  preceding  discussion,  It  was  nssumod  that  the  throo 
equilibrium  positions  of  rotation  about  tho  c-c  bond  wero  equally 
probable.  This  is  not  so,  for  tho  brans  or  the  gauch  positions  may 
be  more  probablo  depending  upon  chain  substituonts*  In  tho  caso  of  a 
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( 


hydrocarbon  chain,  it  has  been  shown  thrt  the  trans  is  more  probablo. 

The  result  of  this  is  that  the  chain  will  be  more  stretched  out  than 
in  the  "equal  probability"  case.  Both  R and  the  chain  polarizabilities 
will  be  affected. 

It  has  been  shewn  by  W.  J.  Taylor  (fil)  and  others  the  L the 
potential  energy  accompanying  rotrtion  about  a c-c  bond  may  be  described 
as  a function  of  the  angle  6 describing  the  rotation  by  an  equation 
of  the  form 


V (d)  - 1 Vm  |"  X(1  - cos  d)f  (1  - X)  (1  - cos  3^>)^J 


(22) 


where  for  normal  paraffin  hydrocarbons  X - .26an d Vm  = UlOO  cal/mole. 

For  long  chains  containing  n bonds  of  length  a,  Taylor  shows 

that 


na£ 


1 d-  cos© 
1 - cos© 


It&rl 


(23) 


where  © is  the  valence  angle  between  bonds  of  the  chain  and  b is  the 
average  value  of  cos(i  which  is  calculated  from 

ru  , -v(^/kT 

Je  cos?  6 dp 


b = 


(2U) 


"e -v,mT  a 

'o  > 

By  combining  equations  (22)  and  (2h),  Taylor  is  able  to  obtain  a plot 


I 


of  1 -j-  b against  Vra/Rt  which  is  useful  for  calculating  tho  dependency 

1 - b 

of  the  dimensions  of  a polymer  chain  on  the  potential  opposing  rotation. 

By  applying  these  concepts  t^  our  model  for  calculating  polariza- 
bilities, the  effect  of  restricted  rotation  upon  these  may  be  calculated. 
In  this  calcuation,  it  is  assumed,  as  before  that  the  bond  spends  most 
of  its  time  in  one  of  the  three  rotational  equilibrium  positions,  so 
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that  only  those  need  bo  considered. 

Suppose  that  the  energies  of  the  trans  and  tho  geuch  positions  ars 
and  respectively.  These  correspond  to  <ji  - 0°  and  p ■ 120°  and 
may  be  calculated  from  eq  (22) 


V 

V 


t 

g 


« 0 

* 1 Vn  (X(l  - cos  120°)  S .75VmX 

1 


(25) 


The  total  energy  of  a chain  may  be  characterized  by  the  number  of 
pairs  of  alternate  bonds  which  ere  in  the  trans  configuration  with  re- 
spect to  each  other  (n^).  The  number  of  pairs  in  the  ga.uch  configura- 
tion is  then 

rig  * (n  - 2)  - (26) 

since  the  total  number  of  alternate  pairs  is  n-2,  n being  the  number 
of  bonds  in  the  chain. 

The  total  configurational  energy  of  a configuration  is  then 


E * "t  vt  V Vg 


(27) 


The  probability  of  a configuration  is  then  given  by  Boltzman’s  relationship 

-E/-.T  - („tVt  V n V )/<T 

W = cc  ' = ce  . b b 


-rkVt/tT  -njjfkl 


n t , (n-2)-nt 

uj 

B 


iwtA 

w 


n-2 


(28) 
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where 


C‘lle'Vi/jn  , ^=c'/5e-v3AT 

For  a given  value  of  n,  u)gn”2  will  be  tho  same  for  all  configurations 

and  will  be  included  in  the  normalizing  constant.  X • ae 

n 


( \ 

W ~~  V / 


(29) 


where 


_ p 


* e 


.75Vmx7RT" 


In  calculating  and  Q,  the  configurations  must  be  weighted  with 
these  probability  factors',  thus 


The  subscript  J.  refers  to  the  configuration,  and  the  sum  is  over  all 
n**2 

3 configuration*.  Eq  (31)  reduces  to  eq  (21)  in  the  limit  where 


U4  - My 

The  value  of  n for  a given  configuration  is  readily  obtained  by 
t 

inspection  of  the  coordinates  of  the  <T  »s.  A group  of  3 (T  »a  will 
ropresent  a trans  configuration  of  the  coordinates  if  the  first  and 
third  are  the  same.  Ono  need  merely  count  the  numbor  of  groupings  of 
this  type  in  a given  configuration.  For  example,  referring  to 


configuration  *,?!  in  table  I,'  and  O3  have  tho  safflo  coordinates  as  do 
% and  C£.  Therefore,  at  - 2 for  thip  configuration.  Olio  values  of 
n^  for  the  various  configurations  for  n ~ i era  listed  in  tho  last 

coluiDn  of  this  table.-, 

She  calculation  of  $ with  restricted  rotation  To  illustrated 

in  this  case  of  n =4.  In  tho  abseoco  ox  preferred  0 rr.entation,  whore 
(jjt  — ^g»  4 is  obtained  by  averaging  tjxc  (C^xO/ST  vnluir,  .end  was 

found  to  bo  1*87. 

Consider  the  caso  in  which  tho  trans  configuration  is  twice  as 
probatto  as  tho  gauch.  Shis  corresponds  to  (7g  - Vt)/BT  m-  ,69.  Then 
using  eq,  (31) 

= a2  * 2«66  » A & X frfefe  » 4 (gd  X 1433)  ga() 

22  + 4 x 2l  + 4 x "^ 

Tho  calculation  has  boon  carried  out  for  n = 6 for  several  values 
of  (^t/^g)*  Dieso  oro  presented  in  Table  III,. 

""able  III 


(^t/^g) 

5s_=*t_ 

BT 

a2 

4 

7T7,  - T*u 

(bj.  *•  ba)c0 

1 

0 

31,3 

2.40 

•60 

2 

,69 

41.0 

2.86 

1.29 

4 

1.38 

61.1 

1 

3.24 

j 

1.86 

10 

2.30 

t 

61.5 

3.61 

2.42 

Ou 

oc 

72 

4.00 

3.00 

As  can  be  soon,  as  tho  cnorgy  diffcronco  bo^woon  tho  gauch  and 
trans  positions  incroasos,  tho  chain  tends  to  bo  more  stretched  out, 
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p 

so  that  both  its  Rc  and  its  polarizability  difference  increases.  The 
values  for  s OO  correspond  to  the  completely  stretched  out 

chain.  It  is  apparent  that  the  measurement  of  the  polarizability 
difference  of  a chain  of  a given  size  could  serve  as  a measure  of  th* 
restricted  rotation  potential  The  data  of  Table  III  are  plotted  in 

Fig  (5). 

Figure  5*  A Plot  of  the  Kata  of  Table  III. 


The  two  usual  nethods  for  studying  the  electric  anisotropy  of  a 
snail  molecule  are  measurements  of  (a),  the  Kerr  Effect  (22,  23,  2b),  and 
(b),  the  depolarization  of  scattered  light  (25,  26). 

The  data  for  the  latter  method  seems  more  complete  and  will  be 


zo  £ 
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used  in  tho  present  comparison. 

If  iigh'  .1.'  platter  2d  by  a eas  consisting  of  isotropic  molecules, 
it  ought  to  oe  ocmolstcly  pItt.o  polarize!  {2.*'.  £?  the  aclooules  are 
anisotropic,  polar Izai ion  will  not  to  complete,  md  tho  depolarization 
nay  be  defined  as 


O » Intensity  of  Eorizor.tillr  Vclariood  light  ( 3d) 

Intensity  of  Vertically  Polarized  light 

(She  horizontal  piano  is  a piano  containing  tho  paths  of  the  incident 

and  seattorod  rays). 

Shis  ratio  is  noosurod,  using  unpolarizod  incident  light  and 

o 

measuring  the  scattering  at  an  angle  of  90  from  tho  incident  light  bean. 

Krishnan  has  shown  (26)  that  for  snail  noloeulos,  P mey  be  re- 
lated to  the  polarizability  difference  of  tho  scattering  molecule  by 
the  relationships 


where 


b 


(<x, 
s f 

6 - 7f» 


(35) 

(*4> 


where  c<,  and  ^ore  tho  prinoipal  polorlzabilitios  parallel  and  por- 
pondlcular  to  the  arts  of  symnetir  of  a oylindrically  symmetrical 
aoleoulo.  Values  of  these  quantities  for  a largo  number  of  molecules 
have  boon  compiled  by  Qftbannts  (28)  (29).  Shoy  havo  boon  modiflod  by 
Jfeagavaniaft  (28)  on  tho  basis  of  more  roeent  aoasuremonts  by  Parthasoratbfr 
(30).  inmthabristeiai  (S9l)  and  VoUcaaa  (32,  33)«  Tnluos  of  P for 
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n- paraffin  hydrocarbons  from  othano  to  ootano  which  wore  adopted  fey 
Cabannos  as  well  os  tho  so  called  most  probabl^nluos  adopted  fey  Shagal 
van  teas  aro  listed  in  Table  IV. 

i ♦ 2<*a)  is  slaply  throo  tinos  tho  nvorago  feond  polari (ability, 
and  value  ^bf  this  quantity  (calculated  fron  nolnr  rof  root  ion  data  (7)) 
are  listod  in  Tafelo  IV. 

(o'  i -<ya)  vnluos  calculated  fron  both  sets  of^’s  aro  also 
listed.  The  author  has  sonevhat  sore  faith  in  tho  vnluos  calculatod 
fron  Cofeonnos* s p *s.  Tho  reason  is  npparont  upon  oxnnining  TaMo  V 
in  which  (ex'*  -o'a)  for  othnne  dotominod  fey  several  workers  fey  diff- 
erent nothods  is  . listod.  It  would  soon  that  tho  value  adapted  by 
Bhogavnntna  is  sonowhr.t  out  of  lino  with  othor  independent  dotor- 
oinatlons.  In  view  of  this  uncertainty,  howovor,  it  would  soon  a* 
though  thoro  would  feo  a possifelo  orror  in  tho  oxporioontnl  vnluos  of 
(of  1 — o/a)  of  at  least  ♦ 10*. 

In  order  to  conpnre  tho  oxporinontally  noasurod  diffcronco  of 

principal  polarizabilities  with  theory,  it  is  necessary  to  be  ablo 
to  calculate  tho  principal  polarizability  of  ooch  configuration. 

Tho  oxporlnontnl  quantity  (of x — cxa)  is  thon  idontifiod  with  the 
avorngo  of  those. 

Tho  polarizability  of  a nolcculo  along  any  axi b mx/  bo  calculated, 
for  an  anisotropic  noloculo,  its  voluo  will  dopond  upon  tho  rolativo 
dlroction  of  the  axis,  for  sono  particular*  diroction,  tho  polarizability 
will  bo  a naxinun,  and  is  callod  a principal  polarizability  « j, 
for  a cylindricnlly  syunotrical  Doloculo,  tho  polarizability  in  any 
diroction  perpendicular  to  this  will  be  tho  snee  and  is  tho  socond 
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Source 

* , x 10*» 

o^x  1C?? 

(<*  -<*a  } X 10*8  ; 

Pe^olTi»ax,ion 
(H*A«  Stuabt.  Molekul- 
struktur  (29)) 

56 

hO 

1 

i 

16 

Kerr  Constant  (Stuart 
& Volkman  (193UX33)) 

56.5 

39.7 

16.8 

Kerr  Constant  (Breazeale  ; 
(1935)(3U))  1 

55.U 

lj0.3 

15.1 

Depolarisation 
( Ananthakrishnan ) ( 1935 ) 
(30) (value  adopted  by 
Bhagavantam) ) 

5i.o 

1*2.5 

8.5 

1 

principal  polarizability,  oSa, 

In  order  to  determine  this  axis  of  nnxioun  polarizability,  It  is 
necessary  to  calculate  the  polarizability  as  a function  of  the  direction 
of  the  axis.  If  N Is  a vector  along  the  cuds  and  0^  Is  the  angle 
between  the  1^  bond  of  typo  k and  this  vecte*,  the  avcrngo  difference 
between  principal  polarizabilities  will  bo  glvon  as  in  ecjuntion  (18)  ty 

= <^i  Z [lb,  - bL'/  ( - n, )]/ 

tk  • 

(Tho  index,  k,  lndicatos  the  typo  of  bond,  og.  (o-o),  (o-H),  otc.).  Bio 
avorngo  is  ovor  all  configurations.  Then 

s <“^(b'-bA.c  Q'MU.t)  t (b.-b.V- 

^lCnc-c  (A-bs/c_c  t-  , >4  h(b,-  hi)c.H  JN> 

/ av 


*<■  'it  /fc 


/ A n 2/2 

to/rl,  ” > COS  O 

* 

((T;  nV 

- fVj  2 


25 


l 


r*. 

k 


i 


► 

i 


( 


tbo  sun  being  tnkon  ovor  all  C-C  bonds  In  a given  configuration, 
and 


Q 


(c-  w ) 


^ 3 M2* 

i 


tho  sun  boing  taken  ovor  all  C-H  bonds* 
nc_cimd  arc  tho  muabor  of  (C-C)  and  (C-H)  bonds  in  the  noloculo  , 

Aosuno  that  tho  coordinates  of  M aro  (1*7*  s)*  (Only  2 coordinates 
noed  be  taken  as  vnrinblo  sinco  only  tho  direction  of  14  nood  bo 
doternlaod.  Its  length  is  arbitrary.) 

(fc  nay  thon  bo  calculated  for  any  configuration.  For  illustration, 
consider  the  ease  of  pontnno  in  configuration  Ho.  2 of  Tablo  X.  Pron 
Denbigh  (7)  ho  hnvo 


Bond 

bj.  x 1025 

ba  x 1025 

(bi  - ba)  x 1025 

q-b 

18.8 

0.2 

18.6 

f C-H 

i 

7.9 

5.8 

1 

1 1 

2.1 

Thoroforo,  sinco  n^„  = 4 and  n D = 12 

O— C O-ii 


(<*i  “ ^a)*  1025  = 27.9  ; M(c-c)  ♦ 3.2  %(<j»h)  - 49«8 
Tho  values  of  y and  t giving  riso  to  a direction  of  K corresponding 
to  a naxiaun  polari tabi 1 i ty  difforonco  are  thon  found  by  partial 
differentiation  with  rospoct  to  y and  t and  sotting  the  dorlvativos 
equal  to  sero. 


b ( ^ 

b y 


X 1025  « 0 » 27.9 


j^uc-c)  + 3t2b  .%(g-a) 

h7 


(34a) 
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and 


^ Q^a)  x 10' 

*5  2 


25 


27,9  j.QrucM) 

^ Z ^ ~Z. 


(34b) 


In  Mguro  5a,  a dicgmo  for  configuration  Ho ,2  of  pentane  is 
given  In  which  tho  coordinate^  for  the  CT  **  for  oil  of  the  bonds 
are  indicated. 


Ho,  wD_ 

t 7*.)\  Ait,)  vj<»yyA»»r) 

t-p  L c 

Ha^  ^ ' ' /h)  0 . . . 

c„  c:  ce^e. 


"Yv'5  -a  '*v 

H.,  Hu  H.-_  ' 


Tit^uro  5a 

(▲  disensslon  of  tho  oothod  for  the  doter'dn.'tio.:  of  the  tr  *e 

for  the  (O-H)  l>  nde  is  to  bo  found  on  po^os  30  to  34) 

The  four  0^,  *s  are  (111),  (111),  (lll)( nnd  (ill).  Therefore 

Q - [M  (l/z)]^&»0  (tv2QZr  [(tTi)-OyaP* 

3 [iol 


ill  / - 2^-*-  ( i -t-  y-f2f  + (i  - > vz)j 

~3[  H- 


4;  4:  y-HZ 

3 3 i+y^+z2- 
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± (j  -/V z1-  2 

^y  3 (»tylrz1)1 


^ Qnu-x)  _ 4 (i  ty^  - 

^ Z 3 0 + yh  +-zl  V" 

The  for  tho  (0-E)  "bonds  oro  found  In  n eir.ilor  way,  sunning  over 

tho  twelve  vj-**  for  thoeo  "bonds* 

O sr  4-  ( | - £ / ±z  \ 

^ ^'H(ch  ) _ _ g (>-y**2*-2/Z^ 

^ y 3 {i  + y3- 1 z*)v 


_krlifctL_  - Q ( i-r  y L-  ±lz2jJd 

^ z 3 (»+ y2  - z1  )* 


Hhon  o<juation  (CKn)  givoe 

yc4  fa.  0-  >Szl"  tyz\  1 7 of  8 (i  -y<4~z2  -2yzJH 

2?^  [3  0 4- y1-*-  zl)L  J + b'Cl  3 Utv1^21)1  j 


Slnco  tho  dononinntor  is  not  infinite, 

(l  - - 3ys)  * 0 

Similarly,  fron  Bq.  (3*i"b)  ono  gots 

Cl  + 7*  - *2  - 2^*)  = o 

The  values  for  y and  z corresponding  to  tho  elnultanoous  solution  of 
thopo  equations  aro  tho  coordinates  do  to  mining  M for  narinun  (or. 
nlatpup)  polarizability*  ftieso  aro: 
y *»  s » /2 
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Table  Va 


Config.  Ho. 

Coordinates 
of  H 

QM(C-C) 

qm(c-h) 

I".  -V 

j£L0« 

1 

( 1,  1,  0 ) 

2.66 

1.33 

28.9 

2 

( 1,  yfi/2,  /f/2) 

2.27 

2*12 

20.3 

3 

( 1,  i2,  1) 

2.27 

2.12 

20.3 

U 

Isotropic 

1*33 

4.00 

0 

5 

( 1,  |?/2,-/2/2) 

2.27 

2.12 

20.3 

6 

( 1,  /2,  1) 

2.27 

2.12 

20.3 

7 

1 

Isotropic 

1.33 

4.00 

0 

! 8 

( 1,  /i/2,  J] 2/2) 

2.27 

2.12 

20.3 

9 

( 1,  Si,  -d) 

2.27 

2.12 

1 

20.3 

Thus,  M * (1,  J2/2,  J2/2),  and  tho  fy'  s for  this  conf  igumtion  are: 
%(<?*C)  e 2.27 
fy(C-H)  " 2*12 

Then  for  this  conf igur  *' ton  (<x  1 - c*  3)  «=  20.3  x 10”^ 
lhls  proceduro  aunt  bo  corrlod  through  for  onch  configuration,  and 
tho  results  nust  bo  r.voragod  to  obtain  (<>/1  - c/3).  This  has  boon 
done  for  pontnno.  Tho  rosults  nro  sucnarlsod  in  Tablo  7a. 

Tho  avornga  (cVj  - o/a)  for  tho  caso  in  which  all  configurations 
aro  woightod  equally  is  llstod  in  tho  colunn  of  Tablo  17  labolod 
(cVj  - &a)  (froo  rot.).  It  is  soon  that  the  calculated  valuo  is 
far  abovo  tho  oxporinontnl  and  voll  out  aide  tho  Mticr.tod  orror 
(about  j*  lOftf or  oach).  This  would  indlcato  that  the  chains  nro  uoro 
strotchod  out  than  would  bo  oxpoctod  for  "froo  rotation". 


if 

/ 
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In  order  to  trice  Into  account  restricted  retntionf  one  oast  weight 
trnns  configurations  noro  heo^ly  using  a nodification  of  equation  (31) 


) ) nrj 


Using  the  constants  in  oquation  (22)  which  Taylor  assigns  for  paraffin 
chains*  one  finds  that  the  enorgy  of  tho  trons  position  is  800  cnl./nolo 
loss  than  that  for  tho  gaueh.  Tron  oquation  (29)  ono  any  than  oalculato 


(*)  t 800/HT 

*7  =° 


3.8 


for  T » 300  E.  Tho  values  of  (<VX-  'Vj)  which  wero  calculatod  fron 
this  aro  listod  in  the  next  column  of  Tnhlo  17.  Thor  aro  still  a 
appreciably  snallor  than  tho  oxporinentnl  values. 

The  conclusion  which  oust  bo  drown  fron  our  intorprotation  of 
this  data  is  that  tho  paraffin  chains  aro  no  re  stretch  od  out  than 
would  he  prodlcted  fron  statistical  theory. 

This  is  in  contradiction  to  tho  findings  of  MoCouhrey,  McCroa* 
and  Ubbolohdo  who  ha.vc  studiod  tho  dinonslons  of  thoso  conpounds  by 
noasuring  tho  viscosity  of  thoir  vapors.  Thoy  intorprot  thoir  data 
as  indicating  that  tho  "n-paraffins  occupy  a voluno  corresponding  to 
colling  into  cloeo  packod  configurations".  Thoy  also  find  fron  tho 
tonpornture  dopondoncy  of  gas  visooslty  that  tho  noloculos  soon  to 
slightly  in e rone o in  si so  with  increasing  tonporature  instead  of 
decreasing  as  would  ho  oxpectod  fron  tho  Taylor  potontlal. 

It  is  suggested  that  a noasuronont  of  tho  tonperaturo  dependency 
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of  olther  tho  dopo lnrl zat ion  factor  or  tho  lorr  constant  for  thoso 
n-parnffins  would  "be  of  uso  In  deciding  whether  the  dinensiens  of 
tho  noloculo  actually  do  lncreaso  or  docreaso  with  lncroastfj 
taeporaturo. 

So do  posslblo  roasons  for  tho  apparent  inadequacy  of  tho 
statistical  thoory  aro: 

(1)  Tho  potential  for  rotation  about  tho  c-c  bond  is  not  eorroet. 

(2)  So no  configurations  are  oxcludod  beoauso  of  storlc  effects* 

(3)  Intor-'ctia&B  botuocn  noro  distent  prxts  of  tho  chain  have 
been  neglected. 

Ubbolohdo  has  considered  sono  othor  shapes  for  tho  potential 
energy  function  than  that  of  oquation  (22)  which  would  give  loss 
tempo rr.turo  dependency  of  H (36).  It  would  soon,  however*  that 
tho  potential  energy  function  cannot  bo  grontly  nodiflod  and  still 
giro  consistent  ng  roonont  with  thomodynanic,  dipole  no  non  t,  spec- 
troscopic, and  othor  data.  This  possibility,  howover,  should  bo 
invostlgatod  furthor,  both  thoorotically  and  ozporlnontnlly. 

If  storic  off oct 8 aro  takon  into  account,  they  aro  cortoinly 
going  to  nodify  tho  thoory.  Tho  oxcludod  configurations  aro  going 
to  bo  noro  tightly  coiled  onos,  so  that  thoir  onissioh  will 
result  in  a larger  H and  largor  polarizability  difforonco. 

Tho  third  factor,  interaction  botween  distant  portions  of  tho 
chain,  soens  nost  pronising.  It  would  soon  that  van  dor  Wools 
attraction  would  favor  tho  noro  tightr*  coiled  configurations. 

Tho  tonporaturo  dopondoncy  of  this  offset  would  be  in  tho  opposito 
direction fron  that  of  rostrlctod  rotation.  Howover,  van  dor  Wools 
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repulsion  'between  hydrogen*  which  are  very  close  would  pro  duo*  the 
opposite  effoot. 

ttlUfi  m"dronce  and  Interaction  Between  Piatant  Portion*  of  tha  Chain 

In  order  to  consldor  theeo  effects.  It  Is  nocessnry  to  include 

the  hydrogens  ns  woll  ns  tho  carbons  In  tho  chain  nodol.  Oils  nay 

bo  readily  done  if  ono  nakee  tho  approxination  (as  has  boen  dono  by  King 

(18))  that  tho  length  of  tho  C-C  and  the  C-H  bonds  ore  tho  sane. 

o o 

Actually  they  oro  1.54  A and  1,09  A respectively,  by  doing  this,  both 
tho  hydrogen 8 and  tho  carbons  will  lie  on  totmhodml  lattice  points, 
and  dlstnncos  between  tho  hydrogen 8 nay  bo  readily  calculated.  In 
cases  where  the  interaction  energy  is  critically  dependent  upon  the 
distance,  wo  shall  soo  that  It  Is  possible  to  corroct  for  this 
npproxinnt Ion • 

Tiguro  6:  Tho  Euaborlng  of  tho  Atone  In  Pentane. 

Ha,  H*  Hp, 

Hai““  CA-  Cc~Ce 

HM  Hjji  K.  Mpt 


%’o  shall  consider  tho  Interactions  oocuring  in  pontnno.  Vo 
shall  idontify  tho  carbon  and  hydrogon  atone  by  tho  synbols  indicated 
in  Plguro  (6).  Tho  coordlnntoe  of  poeslblo  lattlco  voctors  connecting 
a carbon  with  Its  hydro:;ons  nay  be  obtained  fron  tho  coordinates  of 
tho  voctor  connoctin,;  the  carbon  with  tho  pro coding  one  by  the  sane 
rulos  os  woro  previously  introduced  on  page  (9),  Tor  oxnnple,  supposo 
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tho  coordinato8  of  O3  connecting  C0  with  Cp  ore  (ill).  Tho  possible 
coordinates  of  0£  connecting  with  CL^  are  than  (ill),  (ill),  or  (ill). 

In  tho  configuration  in  whichCTi  is  ^311),  (Configuration  Ho.  4 of 
Table  I),  tho  roroining  poaaihllitloB  for  vectors  connecting  Cp  with 
its  two  hydrogens,  Hp^  and  Hd2  oro  (ill)  and  (ill).  Tho  coordinates 
of  nny  aton  of  tho  chain  with  rospotft  to  tho  origin  (which,  as  before, 
la  taken  aa  carbon  aton  C^)  oro  tho  conpononts  of  the  vector  lending 
fron  tho  origin  to  tho  aton.  This  is  qual  tc  tho  sui:  of  all  of  tho 
bond  vectors  connocting  C^  with  tho  aton.  Por  oxnrrplo,  for  atoo  Hpg 
in  the  abovo  configuration,  this  will  bo 

01+05*03+053=  (111)  + (111)  + (lii)  + (111)  a (422) 

Tho  coordinates  of  all  of  tho  a tons  in  tho  nine  configurations  of 
pentano  are  llstod  in  Tablo  ¥1,  whilo  thoso  for  tho  tmna  and  ono 
of  tho  gnuch  configurations  of  butano  oro  given  in  Table  71  a. 

(It  is  not  nocossay  to  consider  the  socond  gnuch  configuration  as 
it  is  a nirror  large  of  tho  first',} 

•Any  configuration  in  which  two  atons  have  the  sano  coordinates 
is  prohlbltod.  Ciis  occurs  in  configurations  nunbor  6 and  8. 

I n ordor  to  take  into  account  tho  interactions  betwoon  tho  ntons 

I 

in  tho  roanlnlng  configurations,  the  distnneos  botwoon  tho n oust  bo 
kn am.  The  coordinates  of  tho  voctor  connecting  any  two  atons  nay 
bo  found  by  subtracting  tho  coordinates  of  the  first  fron  thoso  of 
tho  socond.  Por  oxnnplc , tho  voctor  connecting  atons  and  E|g 
in  configuration  4 of  pentano  has  tho  coordinates  ( 511)— (822)  = 

(535).  Tho  squaro  of  the  longth  of  this  voctor  is  tb  n tho  sun  of  , 

1 

tho  squnros  of  tho  conpononts,  which  is  43. 

1 

J 
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Slnoo  tho  hydrogen  ntons  will  approach  each  other  mAh  aore  olosoly 
than  do  tho  oorbons,  the  interactions  botvoen  these  will  ho  of  principal 
inportonco,  and  will  ho  tho  only  ones  considered  hero*  The  stjunros  of 
the  lengths  of  the  vectors  connecting  all  pairs  of  hydrogons  in  hutane 
aro  given  for  the  two  configurations  in  Tahlo  VI  h*  Distances  aro 
given  in  lattlco  units  in  which  the  (C-G)  hond  has  r.  length  of  «3V* 
in  (nngstrons)2  nay  ho  ohtainod  hy  nulti plying  by  (1.54)2/3. 

Distances  botwoon  hydrogons  an  atone  A and  B end  those  on  atons 
C and  D are  not  givon  hocauso  the  srnc  sot  of  distnnoos  occur  in  all 
configurations  (hocauso  of  tho  sTanetiy  of  tho  CHs  groups)  so  that 
no  differoncos  in  interaction  occur. 

Distancos  botwoon  hydrogons  on  atons  B and  D are  not  given 
because  (hy  symetr:')  thoy  will  bo  tho  sane  as  those  botwoon  hydrogens 
on  atons  A and  C so  that  thoso  nay  bo  includod  twico* 

On  carrying  out  tho  sano  procoss  for  pontano,  ono  finds  that 
nine  configurations  fall  into  ono  of  four  dassos: 

Class  (a)  — - Configuration  Ho.  1 

Class  (b)  — Configurations  No.  2,'  3,  5,  and  9 

Class  (c)  — * Configurations  Bo.  4 and  7 

Class  (d)  Configurations  No.  6 and  8 

All  configura.tions  within  a givon  olass  hnvo  tho  sano  sot  of  B?1  s 
and  have  tho  sano  interaction  energy.  Class  (d)  is  that  of  tho 
excluded  configurations  (which  nood  not  bo  considorod)  in  which 
two  hydrogons  would  ocoupy  tho  snno  lattlco  sito.  In  Tablo  711, 

B2‘s  aro  Givon  for  ono  nonbor  of  onch  pornittod  class. 
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Table  VIII+ 


Substance 

i 

No.  of  configurations  with  steric  energy  j 

i 

0 

_aj 

2a 

3a 

la 

OC 

Butane 

1 

2 

0 

0 

0 

0 

0 

Pentane 

1 

U 

2 

0 

0 

0 

2 

Hexane 

1 

6 

8 

1 

2 

0 

i 

0 

10 

Heptane 

1 

8 

1 18 

1 

12 

1 

2 

i 

0 

10 

Octane 

i ! 

10 

CM 

r\ 

38  | 

| 16 

1 

2 

111 

^Reproduced  from  K.  Pitzer,  J*  Chem.  Phys.,  8,  711  (1910)* 

This  classification  Is  slrdlar  to  that  unde  by  Pitzor  (27).  Tnblo 
Till  is  roproducod  froa  his  pnpor.  (storic)  = 0 corresponds  to  tho 
strotchod  out  configuration  Xj  = n corresponds  to  ono  lnttlco  distnneo 
Internet  ion,  Zj  = 2a.,  to  2 Interactions  i>or  configuration,  otc. 

% =oc  corroBponds  to  a prohlbitod  configuration.  Tho  nunber  of 
intomctlon8  was  dotcrainod  by  Pitzor  by  cxnninirv;  r.  nodcl.  Our 
oothod  1 8 soaowhr.t  noro  satisfactory  beenuso: 

a)  Vo  have  available  sirultanoously,  the  storic  energy,  tho 

valuo  of  B**  (between  ends)  and  tho  valuo  of  (Oj  *R)^/ 3R^  for  oach 

configuration,  so  that  we  a ay  obtain  woi,;htod  avorr\',os  of  R^  and  Q. 

b)  Table  VII  t'lvo8  actual  intcratonic  distancoa  which  pemit  rax 
ovalur.tion  of  the  interaction  onorcy,  a,  fron  van  dcr  ’./oris  forco  thoory. 

c)  All  of  tho  rclovant  intoratonic  distances  r.r o liivcn.  Thus  tho 
8nallor  interactions  botveen  othor  than  tho  closost  atons  nay  bo 
included  to  t;ivc  a uoro  accurato  valuo  for  tho  storic  onortjy. 


V(R)  {<zrcp  *io14) 
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The  calculation  of  the  steric  energy  nay  be  made  on  the  basis  of 
a knowledge  of  the  dependency  of  van  dor  Waals  energy  on  interatonic 
distance.  For  this  purpose,  we  have  made  use  of  the  equation  employed 
by  Mllller  (38)  for  the  calculation  of  the  lattico  onorgy  of  crystals 
of  the  n-pnraffins. 

Vs-  U»31  x 10  12  + 7.7  x 10  10  e U«$8r  (3$) 

? 


( 


where*  V is  the  interaction  energy  in  ergs  per  nolocule 

r is  the  distance  between  centers  of  hydrogen  rtons  in  Angstrom 
units. 

A plot  of  V(R)  against  R (in  lattice  units)  is  given  in  Figure 
(7)«  It  is  apparent  that  the  interaction  energy  becomes  quite  high 
for  R^‘s  less  than  about  6.  The  two  smallest  R^’s  in  Table  VII  are  3 
and  8.  It  is  apparent  that  Pitzers  consideration  of  only  the  R^  r 3 
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A 


The  values  for  the  steric  energies  ere  obtained  for  each  config- 
uration by  adding  the  values  of  V(R)  for  all  the  R^.  For  the  Ra  • 3 
interaction,  it  is  necoi.-  wy  to  correct  for  the  assumed  identity  of  the 
C - C end  C-H  bond  because  of  the  rapid  Variation  of  V(R) 

with  R^in  this  region.  Upon  doing  this,  one  finds  that  the  actual  value 
of  R2  is  u.5  which  corresponds  to  V(R)  » U.5  x 10”14  ergs/  molecule  or 
650  calories  per  mole.  Considering  the  approximations  involved,  this  is  ‘ 
in  good  agreement  with  the  value  of  a - 800  cal. /mole  which  Pitzer 
found  to  give  best  r\greement  between  experimental  and  theoretical 
entropies. 

In  Table  IX,  F (the  number  of  times  a given  R3  occurs  in  a configurat- 
ion), V(R)  (corresponding  to  that  R3),  and  E (the  contribution  of  this 
R3  interaction  to  the  total  potential)  are  listed.  The  results  of  this 
calculation  are  summarized  in  Table  X. 

The  reason  for  favoring  the  trans  configuration. o In  the  restricted 
rotation  model  is  apparent  from  this  model.  The  principal  contribution  to 
the  steric  energy  is  the  repulsive  energy  arising  from  an  R3  ■ 3 typo 
interaction.  It  is  apparent  (from  tables  I and  VII)  that  an  interaction 
of  this  type  occurs  between  the  hydrogens  cm  two  carbons  which  are 
separated  by  two  carbons  whenever  the  three  intervening  ( C-C  ) bond| 
are  in  a gauch  configuration.  The  number  of  such  interactions  may 
be  counted  by  counting  the  number  of  gauch  (or  trans)  configurations. 

This  has  been  pointed  out  by  Pitzer  and  by  Taylor.  It  is  believed  that  the 
treatment  used  here  is  more  satisfactory  in  that  all  of  the  inter- 
actions are  considered  instead  of  Just  the  R2  ■ 3 type.  While  thoro  is  not 
a great  difference  between  the  results  of  the  two  methods  of  approach 


here,  the  difference  will  become  increasingly  greater  for  longer  molecules 
and  those  with  side  groups.  For  these,  there  will  be  a larger  nunber 
of  forbidden  configurations}  also  R8  » 3 type  interactions  can  occur 
between  tydrogens  on  carbons  that  are  more  distant  than  those  considered 
here*  These  would  not  be  included  by  simply  counting  the  nunber  of 
trans  configurations* 


Table  X 


Substance 


Steric  Bner 


Cal ./mole 


exp[-V(steric)/RT] 
T - 25«  C* 


Butane 


Trana 

Oauch 


Pentane 


Conf.  1 

2,3, U,9 

U,7 

6,8 


- 88C 

- 220 


-oioo 

- 750 

- 130 
4P 


V( aterlc 


The  weighting  factors  for  T ■ 25  C are  listed  in  the  last 
coluwn  cf  Table  X. 

The  values  of  ( ^ \ -Q(»)  which  were  calculated  by  this  means  are 
listed  in  the  last  column  of  Table  IV*  These  are  still  somewhat  below  the 
experimental  values. 

It  should  be  pointed  out  that  the  experimental  values  for  some  of  the 
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hydrocarbons  are  higher  than  the  (o( x o( 3)  valves  for  the  completely 

stretched  out  configuration  (2? <.7  for  butane  sad  2809  for  pentane),  so 
that  no  method  of  averaging  or  i^ightir-g  uf  vonf 5 gurations  could  give 
the  experimental  value,  The  difficulty  ia  evidently  that  the  experimental 
value  is  too  high. 

It  would  be  of  great  interest  to  cfctria  be  -ter  experimental  values 
of  ( cL  x - o'  a)  for  these  and  other  ootupcundflj  either  by  depolarisation 
or  Kerr  Effect;  in  order  to  better  verify  the  correctness  of  these 
theoretical  considerations,  A knowledge  of  these  interactions  which 
govern  the  shape  of  the  hydrocarbon  chain  would  be  of  direct  application 
in  the  study  of  the  properties  of  polymeric  substances. 
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